Headspace solid-phase microextraction (HS -SPME) coupled with gas chromatography-quadrupole time-of-flight mass spectrometry (GC-QTOF MS) has been used in the present study to isolate and identify volatile components from Siraitia grosvenorii, a herbaceous perennial vine used as a natural sweetener and medicine. Compared with the static HS extraction and the different SPME fiber coatings, HS-SPME with divinylbenzene/carboxen/polydimethylsiloxane fiber was preferred to extract the target analytes including aldehyde, alcohol, acid, ester and other compounds. In the identification, a multi-dimensional qualitative analysis approach containing library searching, retention index comparison, accurate mass measurement, the second-stage mass spectrum (MS 2 spectrum) and area normalization was utilized. Finally, a total of 46 compounds were identified from S. grosvenorii. Among them, n-hexadecanoic acid, 5-hydroxymethylfurfural, 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one, (Z, Z)-9,12-octadecadienoic acid and (E, E)-2,4-nonadienal were the main volatile components. The results showed that HS-SPME coupled with GC-QTOF MS is efficient for the extraction of polar volatiles from S. grosvenorii and accurate for the identification of volatile compounds in the complicated matrix.
Introduction
Headspace solid-phase microextraction (HS-SPME) is a speedy and solvent-free technique for the analytes extraction from matrix, which involves the use of a fiber coated with an extracting phase (1) (2) (3) (4) . To achieve a sensitivity enabling to detect the target compounds, SPME fibers need to be coated with the specific sorbents owing the high affinity. Nowadays, the diversity of commercially available fibers is broadening, such as polyacrylate (PA), polydimethylsiloxane (PDMS), PDMS/divinylbenzene (DVB), carboxen (CAR)/PDMS, CAR/DVB and DVB/CAR/PDMS, etc. Each kind of fiber has its specific selection and application. For example, both PA and CAR/DVB fibers are suitable for polar analytes (5, 6) . DVB/CAR/PDMS fiber allows a good extraction and desorption of the volatile compounds with the different chemical functionalities and polarities (7) . Following the development of the SPME fiber coatings concentrated on improving the efficiency of extracting the analytes with different polarity from various matrices, SPME has been widely used for the analysis of volatile compounds from herbs, foods and environmental samples (8 -12) .
Gas chromatography -mass spectrometry (GC -MS) is a powerful tool for the qualitative and quantitative analysis (13 -17) , but the challenge to GC -MS is identifying many isomers and isobars of the volatile compounds in plants correctly. For resolving this problem, a set of qualitative approaches including library searching, retention index (RI) comparison and diversified MS scan technologies have been developed to identify the unknown compounds (18 -22) . The combination of these approaches can provide satisfactory identification for the volatile compounds including some in trace level. However, the application of high-resolution quadrupole time-of-flight mass spectrometry (HR-QTOF MS) in the recent makes the more accurate identification availably (23 -27) . Compared with the lowresolution MS like quadrupole or ion trap MS, HR-QTOF MS not only provides high full-spectral sensitivity with high mass resolution but also supports the structural elucidation with highresolution spectrum of product ions. Considering these highlight features improving selectivity, sensitivity and accuracy, GC-QTOF MS would have an application potential in qualitative analysis, especially for the complicated components.
The fruit of Siraitia grosvenorii is a herbaceous perennial vine of the Cucurbitaceae family, which has been used as a natural sweetener and medicine for centuries. Some studies have reported that S. grosvenorii can inhibit the oxidative modification of low-density lipoprotein and put effect on anticancer and antihyperglycemic (28 -30) . Focusing on the volatile constituents from S. grosvenorii, several extraction techniques like ultrasonic extraction, homogenate extraction, simultaneous distillation and extraction have been investigated (31, 32) . However, in this work, a comparative study was developed on the extraction using the HS and HS-SPME as a previous sampling technique for GC-QTOF MS detection of volatile components from S. grosvenorii. Subsequently, a multi-dimensional qualitative approach containing library searching, RI comparison, accurate mass measurement, MS 2 spectrum and area normalization was employed to identify and confirm the volatile compounds to improve the accuracy and reliability of the qualitative analysis.
Instrumentation and analytical conditions Analysis was performed with a Varian 450 GC equipped with 300 triple quadrupole tandem mass spectrometer (Bruker, Walnut Creek, CA, USA) and an Agilent 7200 accurate-mass GC-QTOF MS instrument (Agilent Technologies, Santa Clara, CA, USA). A DB-5 MS capillary column (30 m Â 0.25 mm Â 0.25 mm, J&W Scientific) was used to separate the components. The carrier gas was helium ( purity .99.999%) at the constant flow rate of 1.0 mL min
21
, and the split ratio was 30 : 1. The initial temperature of the column oven was held at 358C for 2 min, and then rose to 2808C at a ratio of 58C min 21 . MS detection was carried out in the electron ionization mode (70 eV). The temperature of ion source, injector and transfer line was 200, 250 and 2508C, respectively. MS analyzer was performed in the full scan mode (between m/z 40 and 450), and the solvent delay time was set as 2 min. In QTOF MS, perfluorotributylamine was utilized for daily MS calibration, and mass resolution was 13,500 (FWHM). The MS 2 scan was set as a quadrupole for isolation of precursor ion at a medium resolution (an isolation of 1.2 m/z full width at half maximum), a linear hexapole collision cell with nitrogen at 1.5 mL min 21 as the collision gas and the collision energy was 15 eV.
An automatic injection autosampler CombiPal (CTC Analytics, Zwingen, Switzerland) was used for HS and HS-SPME sampling. An 85 mm PA-coated fiber, a 50/30 mm DVB/CAR/PDMS-coated fiber and a SPME holder (Supelco, Bellefonte, PA, USA) were used to extract the volatile compounds of S. grosvenorii. The fibers were conditioned according to the manufacturer's recommendation.
Sample preparation
For sampling, 0.5 g raw material of S. grosvenorii and 2.0 g sodium chloride were weighted and mixed in a 25-mL glass vial. In HS mode, the mixture was placed in the heating cabinet for 20 min while being agitated at a speed of 300 rpm. The headspace equilibrium temperature of the heating cabinet was set at 1208C. An amount of 500 mL of the headspace gas was injected automatically into the GC system. In HS-SPME mode, the sample vial was equilibrated at 1208C for 3 min while being agitated at a speed of 300 rpm. Then the fiber was exposed to the headspace for 20 min. Subsequently, the fiber was pulled out of the vial and inserted into the injection port of the GC -MS and desorbed at 2508C for 5 min.
Results

Volatile components in S. grosvenorii
With the measurement of volatile components using GC -MS and HS-SPME with DVB/CAR/PDMS fiber, there are 46 volatile compounds totally found in S. grosvenorii (Table I ). The compounds were identified by searching the mass spectra in the Mass Spectral Library of National Institute of Standards and Technology. The relative contents were calculated for the evaluation of their distributions in the volatile components of S. grosvenorii. They were expressed as a percentage of their peak areas relative to total peak areas based on the total ion chromatogram, respectively. The experimental RIs were calculated by the following equation (temperature-programmed chromatography) and then compared with the references. According to the equation, a homologous series of n-alkanes (C8-C40) as RT markers were analyzed under the same experimental condition as the sample (33) .
where T R(unknown) represents the RT of the unknown component. T R(Z) and T R(Zþ1) represent the RTs for two n-alkanes eluted prior to and after the unknown component. Z represents the carbon number of the n-alkane of retention T R(Z) .
The conditions for HS and HS-SPME were optimized and could meet the demand of this study. NaCl was used to decrease the solubility of the analytes in the aqueous phase and improve the extraction of the analytes (1, 4) . In HS sampling mode, totally 17 compounds were found. Among them, 3-methyl-butanal (compound 1), 2-methyl-butanal (compound 2), pentanal (compound 3), hexanal (compound 4) and furfural (compound 5) were the main volatiles ( Figure 1a) . While using the HS-SPME sampling mode, 44 compounds were extracted by the PA fiber ( Figure 1b ) and 46 compounds were by the DVB/CAR/PDMS fiber ( Figure 1c) . In contrast to HS sampling, more polar volatile compounds were extracted out such as n-hexadecanoic acid (compound 42), 5-hydroxymethylfurfural (compound 22), 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one (compound 19), (Z, Z)-9,12-octadecadienoic acid (compound 44) and (E, E)-2,4-nonadienal (compound 21). Comparing the extracted compounds, much more aldehyde, alcohol, acid and ester were detected by HS-SPME than by HS. Between PA fiber and the DVB/CAR/PDMS fiber, only 5-ethylcyclopent-1-enecarboxaldehyde (compound 15) and (E)-2-decenal (compound 23) were founded only by the extraction of the latter. But the amount distributions of them were different, such as benzeneacetaldehyde (compound 16), 1-methyldodecyl butyrate (compound 32), 2-acetoxytridecane (compound 33), undecyl cyclopropanecarboxylate (compound 34), isopropyl myristate acid (compound 38) and hexadecanoic acid methyl ester (compound 41).
Application of GC-QTOF MS in identification
From the Table I , the volatile compounds from S. grosvenorii were very complicated which have many isomers and isobaric compounds. Therefore, based on the low-resolution mass spectra solely, it was difficult to distinguish the volatile compounds correctly. Additionally, the extraneous mass spectral peaks, as commonly arise from co-eluting compounds, column bleed and ion-chamber contaminants, could bring a bad match in the library searching and misdirect the compound identification frequently. To resolving these problems, GC-QTOF MS was employed to make a structural confirmation via the accurate mass measurement as well as the MS On the other hand, the theoretical molecular ion mass of 3-ethyl-2-methyl-1, 3-hexadiene (C 9 H 16 ) was 124.1247 Da. Therefore, the compound 15 was finally confirmed as 5-ethy lcyclopent-1-enecarbox-aldehyde. Compound 24 (Figure 3a ) was identified as a-ethylidene -benzeneacetaldehyde by library searching and RI match. However, the content of compound 24 was just 0.0990 and its MS signal was interrupted by the coeluents, leading to the probability of match for the compound 24 as low as 66.540. Consequently, the compound 24 was essential for the further identification by MS 2 spectrum. As shown in Figure 3b , the MS 2 spectrum of the ion m/z 146 and accurate masses of its fragments, we proposed each fragment composition and the max mass error of them was merely 1.1 mDa. Thus, the compound 24 was confirmed as a-ethylidene-benzeneacetaldehyde.
Compounds 29, 31, 32, 34 and 36 were identified by the library searching as undecyl acetate, 2-(4-formyl-phenoxy)-acetamide, 1-methyldodecyl butyrate, undecyl cyclopropanecarboxylate and 4-(3-aminophenyl)-2-methyl-4-oxobutanoic acid. Although no available RIs of them were found in the references, the accurate ions masses of these five compounds were observed at 154.1715, 179.0580, 199.2064, 154.1718 and 207.0889 Da which showed that the mass errors as narrow as 0.1, 0.3, 0.8, 0.3 and 0.1 mDa compared with the theoretical masses, respectively. In this case, the results from the accurate mass measurements positively assisted the identifications by the simple library searching.
Discussion
In contrast to the fewer compounds acquired by HS sampling, diversified compounds including aldehyde, alcohol, acid and ester, etc., could be extracted by HS-SPME. The fiber coating had a significant impact on the extraction efficiency, due to its polarity and volatility (1, 2, 4 and 7). In this study, only 17 compounds were found by HS sampling (Figure 1a) , the efficiency of the extraction was proved much poorer than HS-SPME mode. In contrast, the compounds owning longer retention times could be extracted by PA fiber (Figure 1b) and DVB/CAR/PDMS fiber (Figure 1c) obviously. DVB/CAR/PDMS fiber had a higher ability to extract the compounds of aldehyde, alcohol, acid and ester than PA fiber. Because DVB/CAR/PDMS fiber was bipolar and covered with a porous solid coating, it allowed the extraction of more analytes via adsorption and higher reproducibility than the polar PA fiber. Comparing Figure 1b and c, the improved signals indicated that HS-SPME with DVB/CAR/PDMS fiber had the better extraction efficiency for oxygenated compounds (e.g., benzeneacetaldehyde, 1-methyldodecyl butyrate, 2-acetoxy tridecane, undecyl cyclopropanecarboxylate, isopropyl myristate acid, hexadecanoic acid methyl ester, etc.). It not only led to the better distributions of these oxygenated compounds in the total ion chromatograms but also helped them achieve the reliable accuracy mass measurements by GC-QTOF MS. In addition, the other coating fibers such as PDMS, PDMS/DVB, PA, DVB/CAR/ PDMS and CAR/PDMS were also investigated in this study. The results showed that the DVB/CAR/PDMS fiber was the most suitable for the SPME of S. grosvenorii.
TOF MS analyzers here provided accurate mass full spectrum of each compound due to both high resolution and high scan rate. Compared with quadrupole MS, the elevated mass resolution of TOF allows to perform the extracted-ion chromatograms using narrow mass windows and to measure the characteristics ions at accurate mass in MS spectra. Such narrow mass windows lead to a notable improvement of sensitivity due to the decrease in the background noise in the chromatogram and the improvement of the signal-to-noise ratio. In our study, this approach assisted to achieve a purified full mass spectrum by abstracting the noise at the peak beginning and ending accurately and to make a library searching. Owing to the tandem mass spectrometer, QTOF MS can perform the MS 2 scan through the precursor ion separated in the quadrupole and submitted to collision-induced dissociation. The abundant accurate product ions realized the confirmation of the suspected compound and made the identification more accurate. In some cases of the RI references absent, based on the accurate mass measurements and MS 2 scans, undecyl acetate, 2-(4-formyl-phenoxy)-aceta mide, 1-methyldodecyl butyrate, undecyl cyclopropanecarboxylate and 4-(3-aminophenyl)-2-methyl-4-oxobutanoic acid were identified successfully.
Although a multidimensional qualitative analysis approach containing library searching, accurate mass measurement, RI, the second-stage mass spectrum (MS 2 spectrum) and area normalization was utilized, some compound could not be identified successfully. As shown in Figure 1c , for example, the compound a (3.6830) and the compound b (1.7750) were failed to be identified by the library searching and the RI comparison. However, using the QTOF MS, their accurate ion masses were measured as 221.1046 and 221.1049 Da, respectively. The determination of elemental compositions showed that the compound a and the compound b had the same formula as C 12 H 15 NO 3 (221.1046 Da), which afforded a useful track of their structures. Of course, the structure elucidation should be treated as the unknowns and subjected to multi studies.
Conclusion
In this study, 46 volatile compounds have been identified from S. grosvenorii. By comparing the extraction ability of HS and HS-SPME with two fibers (PA and DVB/CAR/PDMS), DVB/ CAR/PDMS fiber could increase the extraction efficiency for the most volatile compounds, especially for the polar compounds. The application of GC-QTOF MS made the qualitative analysis more accurate and reliable by accurate ion mass and MS 2 confirmation.
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